With the growing demand for oil energy and a decrease in the recoverable reserves of conventional oil, the development of viscous oil, bitumen, and shale oil is playing an important role in the oil industry. Bohai Bay in China is an offshore oilfield that was developed through polymer flooding process. This study investigated the pore-scale displacement of medium viscosity oil by hydrophobically associating water-soluble polymers and purely viscous glycerin solutions. The role and contribution of elasticity on medium oil recovery were revealed and determined. Comparing the residual oil distribution after polymer flooding with that after glycerin flooding at a dead end, the results showed that the residual oil interface exhibited an asymmetrical "U" shape owing to the elasticity behavior of the polymer. This phenomenon revealed the key of elasticity enhancing oil recovery. Comparing the results of polymer flooding with that of glycerin flooding at different water flooding sweep efficiency levels, it was shown that the ratio of elastic contribution on the oil displacement efficiency increased as the water flooding sweep efficiency decreased. Additionally, the experiments on polymers, glycerin solutions, and brines displacement medium viscosity oil based on a constant pressure gradient at the core scale were carried out. The results indicated that the elasticity of the polymer can further reduce the saturation of medium viscosity oil with the same number of capillaries. In this study, the elasticity effect on the medium viscosity oil interface and the elasticity contribution on the medium viscosity oil were specified and clarified. The results of this study are promising with regard to the design and optimum polymers applied in an oilfield and to an improvement in the recovery of medium viscosity oil.
Introduction
According to BP's "Statistical Review of World Energy" data, oil prices have decreased from 2014 [1] [2] [3] . However, with the rapid growth in energy demand and a depletion of conventional oil, the development of nonconventional energy sources, such as viscous oil, bitumen, and shale oil, is significant for the entire petroleum industry [4] [5] [6] . The viscous oil is mainly distributed in many basins, especially in the region of Middle East, North America, and South America [7, 8] . Reports by the U.S. Department of Energy showed that 40% of the 900-1300 billion barrels of reserves in the world is viscous oil and ultraheavy oil [9, 10] . The popular development technique of heavy oil is thermal process; however, it is limited by many factors. The polymer flooding is the other main technique for exploiting heavy oil. Amirian et al. reviewed the half-century heavy oil polymer flooding application, including the universal country distribution, polymer types, development effects, onshore or offshore projects, and well types [11] . In China, viscous oil is a rich resource, mainly distributed in the Liaohe oilfield, Shengli oilfield, and Bohai offshore oilfield [12] [13] [14] [15] . Based on many different experiments, some researchers have come to believe that viscous oil with a viscosity of below 100 mPa·s and an oil saturation of above 30% is suitable for polymer flooding technique to enhance oil recovery (EOR); moreover, the permeability of the reservoir is above 20 × 10 −3 μm 2 , the thickness of the oil layers is above 3 m, and the temperature of the reservoir is under 90°C [16] [17] [18] [19] [20] . However, Sheng et al. presented that there are nine oilfields in the world that have carried out polymer flooding in which the oil viscosity is greater than 100 mPa·s [21] . As early as 1977, two researchers from the Marathon Oil Company investigated the polymer displacement process of viscous oil and injected polyacrylamide (PAM) polymers into Ottawa sand packs, where the permeability was 3700-5900 × 10 −3 μm 2 and the porosity was 35% [22, 23] . Two types of oil were used in their study, including Wyoming oil and refined oil, the viscosity of which was 220 and 1140 mPa·s, respectively. The recovery was 19-31%, and the results showed that the polymer solutions enhanced the viscous oil recovery. Recently, there have been an increasing number of studies concentrating on the technique of polymer displacement of viscous oil [24] [25] [26] [27] , particularly in Canada, where viscous oil is quite rich [28] [29] [30] . However, the oil recovery has reached only 10% through water flooding in western Canada. To study the feasibility of polymer flooding process, Wassmuth et al. used three types of oil, namely, at 280, 1600, and 780 mPa·s, respectively, and injected 0.5 PV of clear water until the water cut approached 90% and then injected a 6.0 PV polymer slug at a concentration of 1500 mg/L, finally injecting 5.0 PV of clear water [31] . The experiment results showed that the recoveries of the three oil types increased 16%, 22%, and 23%, respectively. In China, offshore heavy oil resources have been estimated at 4 billion barrels, and Bohai Bay is one of the most important oil basins, the reserves of which account for twothirds, and 70% of which is viscous oil [32] [33] [34] . The viscosity of the crude oil in Bohai Bay basin is from 13 to 380 mPa·s, and the average viscosity is 70 mPa·s, which can be defined as medium viscosity oil [35] [36] [37] [38] . Therefore, the development of an offshore oilfield is significant for the maximum utilization of oil resources. As of 2013, there were ten blocks using polymer flooding or alkali-surfactant-polymer (ASP) flooding in the Bohai Bay offshore oilfield, covering reserves of approximately 5.7 billion barrels [37, 39, 40] . The polymers used in viscous oil field development including hydrophobically modified partially hydrolyzed polyacrylamides (HMHPAMs) and partially hydrolyzed polyacrylamide (HPAM). Comparing with HPAM, the resistance factors and residual resistance factors produced by HMHPAMs are higher than those of HPAM due to an increase of aggregate size of HMHPAMs. The microdisplacement experiments indicated that the HMHPAMs could move deep into the porous media of reservoirs [7] . Moreover, the existing literature also reported that HMHPAMs had more stable displacement front and easily formed a piston-like displacement. The keys depended on what polymer viscosity injected and when the polymer injection should be reduced or stopped; the extensive review of polymer flooding in many oil fields are presented elsewhere [7, 11, 16, 41] . The polymer viscosity, concentration, and slug size employed in the viscous oil field application were also discussed and considered. Furthermore, the injection strategies were performed in the low oil price environment. If possible, a simulator is necessary for a petroleum engineer to forecast the future performance in heavy oil with polymer flooding. After utilizing an extensive data set of polymer flooding process in a heavy oil field, Amirian et al. developed a data-driven modeling method to forecast the potential performance in polymer flooding heavy oil reservoirs. This work is beneficial to accelerate the real-time decision making workflows for the reservoir management teams [11] .
Based on a core experiment and a pilot test, in 2008, Aktas and Clemens used two-dimensional etched-silicon micromodels simulating a porous medium, carrying out brine, conventional polymers, and associative polymers at the same concentration displacement as medium viscosity oil (200 mPa·s), the results of which indicated that the associative polymers did not act as a plug and showed a stable front; therefore, an associative polymer can improve the sweep efficiency compared with brine and conventional polymer flooding process [42] . Considering for the silicon model can be visualized for the displacement process, Doorwar and Mohanty conducted water, polymer, and alkali-surfactant slug displacements of viscous oil in two-dimensional silicon micromodels in 2011, the mobility ratio of which was designed as 1, 100, 1000, and 10,000 [9, 43] . The surfactant flood increases with the surface of the water fingers. However, the polymer solutions have elastic characteristics, not only viscous characteristics, and a decrease in the residual oil saturation through polymer flooding using high viscoelasticity solutions has been widely concerned during the past few years [44] [45] [46] [47] [48] . Polymer transport in porous media is significantly influenced by rheological properties, such as the flow behavior index, dispersion coefficient, and consistency coefficient. The transport has different stage in the porous media, and the breakthrough of polymer solutions is mainly influenced by the flow behavior index [49] . Some researchers have validated the existence of elasticity using elastic modulus testing and then conducted water-glycerin-polymer flooding and water-polymer-glycerin flooding; here, the viscosity of the polymer is the same with that of glycerin [50, 51] . The results indicated that the polymer solutions can further enhance the oil recovery after glycerin flooding. In contrast, the glycerin cannot further enhance the recovery after polymer flooding, and their study confirmed that the main factor of the polymer flooding process improving the microsweep efficiency is the elastic characteristics. Moreover, Xia et al. further conducted many studies and carried out glycerin and polymer solutions displacement of residual oil in dead ends, using the same viscosity for both displacement fluids, the results of which showed that an elastic polymer can reduce the residual oil saturation more than glycerin flooding and that a polymer solution can exhibit a "pull" and "tripping" on an oil blank and oil droplet [52, 53] . Nevertheless, Vermolen et al. conducted core experiments confirming that polymers of high elasticity can further reduce the residual oil saturation; however, for crude oil of a high viscosity (300 mPa·s), hardly any effect from an increase in the viscoelasticity was observed with regard to the oil recovery [54] .
In this study, we carried out microvisual and core flooding experiments, comparing the polymer displacement characteristics in medium viscosity oil with glycerin flooding, using the same viscosity of the polymer solutions, and analyzed the mechanism of the elasticity effect on medium viscosity oil recovery, concluding that the elasticity contributes to oil recovery after water flooding at a different water 2 Geofluids sweep efficiency. Furthermore, these results were validated using reliable core experiments. The purpose of this study is to reveal the mechanism of elastic polymer enhancing medium viscosity oil recovery and identify the quantitative contribution of elasticity on the oil recovery. All the findings will provide a theoretical basis for the design of an optimum polymer solution applied to an oilfield. In this present study, the displacement performance of medium viscosity oil with viscoelastic polymer was experimentally investigated. The general sketch of this experimental study can be illustrated in Figure 1 . First, the micromodels employed in the experiments were demonstrated. Then, the experiments in a micro dead-end model were carried out, and the results were discussed. After that, the micromodel experiments with different elastic displacement fluids were performed in different degrees of water flooding, and the role of viscoelasticity in polymer flooding process was worked out. Finally, the core experiments were carried out with the inelastic and viscoelastic fluids flooding, and then the contribution of elasticity on the enhanced oil recovery was identified.
Microvisual Experiments
2.1. Experimental Models. In this study, we used two etchedglass models to observe the phenomena affecting viscous oil displacement. Figure 2 , with a permeability of 2500 × 10 −3 μm 2 , and maximum pore and minimum pore radii of roughly 500 and 5 μm, respectively. The fluid flows in from the lower-right corner and flows out of the upper-left corner. The pore-size distribution and permeability approximate those of the Bohai Bay reservoir. Both models are transparent. The models can reflect the geometrical and topological aspects of a real porous medium. Figure 3 , the microvisual experimental equipment includes a stress-controlled rheometer, etched-glass models, micro plunger pump, and high-resolution imaging and analysis system. During the experiment, we used a high-resolution camera to rack the flow behavior of the fluids in the micromodel. The imaging analysis system can translate the flow image for different flow times into a computational signal, and the imaging analysis can describe the flow characteristics of the polymer solution in the displacement of viscous oil and can calculate the corresponding oil saturation and displacement oil efficiency.
Experimental Equipment and Materials. As shown in
In this study, refined oil was collected, which is mixed with Bohai Bay crude oil without gas or diesel oil, and the 3 Geofluids viscosity is 70 mPa·s at 30°C. The synthetic brine was prepared using redistilled water, simulating the mineral composition of the formation water in the Bohai Bay offshore oilfield. The salinity of the brine is 9947.8 mg/L. The displacement fluids include brine, glycerin, and AP-P4 hydrophobically associating water-soluble polymers with a relative molecular weight of 1.1 × 10 7 Da. The polymer solution was created using a mother liquid dilution method, with prepared concentrations of 1200, 1000, and 900 mg/L and a viscosity of 75, 40, and 20 mPa·s, respectively.
Experimental Results and Discussion.
We investigated polymer and glycerin displacement medium viscosity oil, in which the viscosity of both displacement fluids is 40 mPa·s. The detailed procedure was as follows: after the micromodel was vacuumed, it was saturated with oil and undergoing isothermal aging; then polymer flooding process was performed; the flow rate was designed as 1.0 pore volume per hour (PV/h) and was applied until the oil can no longer be produced. Finally, the micromodel was washed and the other displacement fluid experiment was repeated.
Figures 4 and 5 show residual oil distribution images after viscoelastic polymer and glycerin flooding, respectively, where the dark shade is oil and the light shade is the displacement fluid.
As can be observed from Figures 4 and 5 , the area of the red circle is dead end of the etched-glass model, and the residual oil saturation at the dead ends after polymer flooding is lower than that after glycerin flooding. The two solutions are the same in terms of viscosity, the reason for which is the elastic effect, and therefore the elasticity can reduce the oil saturation and then enhance the oil recovery. Moreover, the distribution characteristics of residual oil at dead ends indicate that the residual oil interface after polymer solution flooding presents an asymmetrical "U" shape (Figures 4(a)  and 4(b) ). This can be attributed to the fact that the polymer has flexible long chain molecules, which will incur molecular twining during a flow, and the twining molecules will produce stretching characteristics, and then the upstream flow will take the oil along the wall and downstream, ultimately resulting in the oil downstream to be further displaced. This reveals that the oil interface moves deeper 4 Geofluids toward the dead ends in the process of oil displacement by viscoelastic polymer solution. In contrast, the residual oil interface after glycerin flooding presents a symmetrical "U" shape ( Figures 5(a) and 5(b)), and the oil interface moves very shallow toward the dead ends in the displacement process. This is principally because purely viscous fluid incurs only a shear stress, where the stresses on the upstream and downstream flows are essentially symmetrical. A series of similar microvisual experiments were performed using the microsimulation model as mentioned above (Figure 2(b) ). There are two reasons to further employ the simulation model. Firstly, it is feasible to identify the ratio of elastic contribution on the oil recovery using the polymer displacement of viscous oil in microsimulation model. Secondly, it is reliable to determine the ratio of the elastic contribution on the oil recovery through the polymer injection after water flooding at stages with different sweep efficiency levels.
The experiments for identifying the elastic contribution on oil recovery were first carried out. Both glycerin and polymer solutions with the same viscosity were employed in this experiment, and the detailed procedure is the same as the above dead-end model experiments. Figures 6 and 7 show the residual oil distribution characteristics after viscoelastic polymer and glycerin flooding, respectively. Similarly, the dark shade in the images is the oil phase.
As can be seen in these images, the residual oil saturation is reduced during the displacement process. Comparing the residual oil saturation in viscoelastic polymer flooding with that in glycerin flooding, we can see that the oil saturation distribution after viscoelastic polymer flooding (Figures 6(b) and 6(c)) is lower than that after glycerin flooding (Figures 7(b) and 7(c) ) under the same initial saturation (Figures 6(a) and 7(a) ). Because the same viscosity is employed, the oil saturation reduction owing to the elasticity behavior of the polymer solutions, that is, the displacement efficiency by viscoelastic polymer flooding, is higher than that of purely viscous glycerin flooding.
We can further use image processing method to calculate the medium viscosity oil recovery quantitatively, as shown in Table 1 , where the oil recovery after polymer flooding increases 6.0% compared with that of glycerin flooding. The results also indicate that the ratio of elastic contribution on the oil recovery can reach 10.72%, and the contribution of viscosity on the oil recovery is 89.28%.
The actual viscous oil is developed on offshore oilfield by switching the injection polymer after water flooding, and therefore, based on the above direct polymer or glycerin flooding microvisual experiments, we carried out microvisual experiments for polymer or glycerin displacement of viscous oil at water flooding stages with different sweep efficiency of 20%, 40%, and 60%, and the elastic contribution to oil recovery after water flooding at different water sweep efficiencies was further identified. Figure 8 shows the oil distribution characteristics after the injection of polymer solution or glycerin solution when 5 Geofluids the water displacement sweep efficiency is 20%. And Figure 9 shows the oil distribution characteristics after the injection of polymer solution or glycerin solution when the water displacement sweep efficiency is 60%.
As shown in these images, the residual oil saturation after viscoelastic polymer flooding is reduced more than that after glycerin flooding under the same water displacement sweep efficiency. Similarly, as shown in Table 2 , the corresponding displacement efficiency was calculated using the image processing method. The results indicate that the oil recovery differs based on polymer or glycerin displacement at different water sweep efficiency levels, and the ultimate oil recovery after glycerin or polymer flooding decreases as the water sweep efficiency increases. Compared with the ultimate oil recovery after glycerin flooding, the viscoelastic polymer solutions can enhance the oil recovery, that is, the elasticity can further improve the displacement efficiency. Under different water displacement sweep efficiency of 20%, 40%, and 60%, the ultimate oil recovery increases from 48.94%, 47.26%, and 45.89% in purely viscous glycerin flooding process to 54.12%, 51.59%, and 49.02% in viscoelastic polymer flooding process, respectively. The ratio of elastic contribution on the oil recovery decreases with an increase in the water sweep efficiency. The elastic contribution ratio decreases from 9.57% in water displacement sweep efficiency of 20% to 6.39% in water displacement sweep efficiency of 60%. This phenomenon can reflect the fact that the sooner the polymer is injected, the greater the ultimate oil recovery and the elastic contribution. However, the water sweep efficiency will be the optimum value when considering the economic benefits in an oil field industry application [32, 33, 55, 56] . The results are in agreement with the existing understanding that the viscoelastic behavior of the polymer plays an indispensable mechanism in chemical flooding EOR process. The previous studies reported the elastic contribution on low-viscosity oil through an etched-glass experiment comparing the recovery after glycerin flooding and showed that the oil recovery after polymer flooding increases 20% and that the ratio of elastic contribution on the low viscosity recovery can reach 10.61% [52, 53, 57] . Obviously, the maximum elastic contribution ratio on the oil recovery is 9.57% in this study, which reveals that, although the elastic contribution to low-viscosity oil is greater than that for medium viscosity oil, the effect of elasticity on medium viscosity oil recovery cannot be underestimated.
Core Flooding Experiments
Based on the microvisual experiments, the core flooding experiments were further carried out, and the understanding on the viscoelastic behavior of polymer flooding in medium viscosity oil recovery were validated, where the displacement fluids were also glycerin and polymer solutions of the same viscosity. 7 Geofluids 3.1. Experimental Materials and Methods. The oil used in this experiment is the same with that in the above microvisual experiments, with a viscosity of 70 mPa·s at 65°C. The displacement fluid includes AP-P4 hydrophobically associating water-soluble polymers and glycerin solutions, where the viscosity of both fluids was 40 mPa·s at 65°C, and the particulates and agglomerates were filtered by a sand core funnel of G1 type with apertures of 20~30 μm from the solutions. The natural cores were sampled from Daqing Oilfield, and they were extracted for approximately 72 hours using a compound solvent (benzene/alcohol = 3 : 1) and were then dried at a temperature of 105°C for 4 hours. The cores are cylindrical shapes with diameters of 25 mm and lengths of approximately 80 mm. The average effective permeability and porosity of the cores were 2000 × 10 −3 μm 2 and 28%, respectively. The pressure gradient, from low to high, was constant during the core flooding experiment. We injected brine to displace the oil first and recorded the fluid production in the effluent at a steady flow, and the oil saturation can be obtained. Then, we repeated the core flooding experiments using glycerin or polymer solutions for oil displacement, and the corresponding oil saturation were calculated.
Experimental Results and Discussion
. To obtain oil saturation with different numbers of capillaries, in this study, the number of capillaries was defined as
where Nc is the number of capillaries; K is the permeability of the core, m 2 ; ∇P is the pressure gradient, Pa/m; and σ is the interfacial tension, N/m.
Considering that the interfacial tension for brine oil was 4 mN/m as tested using a rotating drop method in this study, the interfacial tension for glycerin oil and polymer oil was 5.8 mN/m and 4.8 mN/m, respectively. The capillary desaturation curves can be acquired. As shown in Figure 10 , the capillary desaturation curves can be divided into two stages. At the first stage, the oil saturation after glycerin or polymer solution flooding decreases sharply compared with that after water flooding at the same number of capillaries. The reason for which is the difference of mobility ratio of these displacement fluids, which play an important role in desaturating. At the second stage, for a larger number of capillaries, the oil saturation after polymer flooding decreases sharply in comparison with that after glycerin flooding owing to the elasticity of the polymer solutions, and for the flow of a porous medium, the polymer solutions can exhibit a shear-thickening and more oil can be displaced, which can reduce the oil saturation and enhance the oil recovery. The results also indicate that the oil recovery after brine flooding is 33.08%, the oil recovery after glycerin flooding is 40.89%, and the oil recovery after polymer solution flooding can reach 48.43%. Compared with the purely viscous glycerin flooding, oil recovery after viscoelastic polymer flooding is enhanced 7.54%, and the elastic contribution to oil recovery can reach 15.51%. Moreover, the pores in the core are three-dimensional and more complex than in the etched-glass model, and the elasticity of the polymer solutions plays a more important role. It can be concluded that the elastic contribution ratio in the actual reservoir is greater than that in the pore-scale and corescale models.
Conclusion
Both etched-glass and core flooding experiments were conducted in this study, and with regard to the elasticity of the polymer solution and the elastic contribution on the medium viscosity oil recovery were revealed, the following can be concluded:
(1) In the microvisual experiment, a clear asymmetrical "U" shape of the residual oil interface after polymer flooding can be seen downstream and moving deeper to the dead end owing to the elastic effect. However, the residual oil interface after glycerin flooding is different and shows a symmetrical "U" shape (2) The incremental oil recovery by elasticity can reach 6.0%, and the ratio of elastic contribution on the oil recovery is 10.7% based on the direct polymer flooding experiment using etched-glass model. In the experiments on the injection of polymer or glycerin after water flooding, the oil recovery after polymer flooding is higher than that after glycerin flooding owing to the elastic effect at different water sweep efficiencies. The ratio of elastic contribution on the oil recovery increases with the decrease in the water sweep efficiency. Compared with previous knowledge, the elastic contribution to medium viscosity oil is lower than that for low-viscosity oil (3) At the same number of capillaries, a reduction in the residual oil saturation can be realized through a better mobility ratio and shear-thickening owing to the elasticity effect. Compared with the oil recovery using 8 Geofluids brine flooding, the ratio of elastic contribution on medium viscosity oil reached 15.51% during the core flooding experiments. It is greater than that in the pore-scale and core-scale models, and this understanding is significant for promoting the application of viscoelastic polymer flooding process in medium viscosity oil reservoir and accelerating nonconventional petroleum development and production efficiently (4) Intuitively, the elasticity effect on the medium viscosity oil can be observed in the microvisual experiments, and the results are comparable with the findings from previous low-viscosity oil experimental study. It can be concluded that the elasticity can improve medium viscosity oil recovery. It is essential to employ a polymer solution with greater elasticity in the actual medium viscosity oil development. Nevertheless, it should be noted that there is a nonnegligible repeatability standard deviation in micromodel experiments, and the numerical simulation method is potential to further understand the underlying mechanism and the role of viscoelastic polymer flooding in enhancing medium viscosity oil recovery
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